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The non-prompt J/ψ from B-meson decays, the prompt J/ψ, the inclusive ψ′ and the three
Υ states were measured separately using the Compact Muon Solenoid (CMS) experimental ap-
paratus in both pp and heavy-ion collisions at √sNN = 2.76 TeV. The results are based on data
collected in 2011 which correspond to an integrated luminosity of 150 μb−1 of PbPb and 231
nb-1 of pp collisions. The yields measured in heavy-collisions are compared to those in pp scaled
by the number of binary collisions via the nuclear modiﬁcation factor, RAA. The high-pT prompt
J/ψ show a suppression that does not vary with rapidity or pT . The RAA versus centrality cal-
culated separately for Υ(1S ) and Υ(2S ), shows less suppression for the ground state. An upper
limit for Υ(3S ) was also calculated. Combining all the quarkonia states RAA measured by CMS,
and considering the binding energy of each state, an ordering of the suppression is observed,
which establishes, experimentally, the validity of the sequential melting scenario in heavy-ion
collisions. The non-prompt J/ψ RAA dependence with pT and rapidity was measured in ﬁne
bins of centrality. These represent the ﬁrst detailed measurements, in heavy-ion collision, of the
b-quark energy loss kinematic dependence.
1A list of members of the CMS Collaboration and acknowledgements can be found at the end of this issue.
Q), are thought to be screened by the
colour charges of the surrounding partons.The dissociation is expected to occur sequentially for
diﬀerent quarkonium states, at diﬀerent medium temperatures, reﬂecting diﬀerent values of their
binding energies [2]. Since the Υ(1S) is the most tightly bound state among all quarkonia, it
is expected to be the one with the highest dissociation temperature, while the ψ(2S) with the
lowest binding energy, to be the one with the lowest dissociation temperature and hence the
ﬁrst to melt. Before LHC, the sequential melting picture was experimentally tested only for
the charmonium family, due to lower cross sections and/or detection technology limitations for
separating the bottomonium states. In addition, the understanding of any quarkonia measurement
One of the signatures for the formation of a deconﬁned and chirally-symmetric system of
quarks and gluons, a “quark-gluon plasma” (QGP), is the suppression of quarkonium states [1],
both of the charmonium (J/ψ, ψ(2S), χc, etc.) and the bottomonium (Υ(1S, 2S, 3S), χb, etc.)
families. In such a deconﬁned medium, the binding potential between the constituents of a
quarkonium state, a heavy quark (Q) and its antiquark (
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Figure 1: Dimuon invariant mass spectrum in PbPb integrated over the centrality range 0-100%. A pT cut of 4GeV/c
has been applied to each muon of the pair. The number of entries corresponds to the integrated luminosities of the PbPb
sample.
is complicated by competing eﬀects with opposite contributions, both in the initial and in the ﬁnal
state of the collision. The yields can decrease in PbPb collisions compared to pp collisions due
to initial and ﬁnal-state eﬀects related to cold-nuclear-matter [3, 4], but can also increase via a
statistical recombination of the partons after the quarkonium states have ﬁrst melted [5].
At LHC energies, the inclusive J/ψ yield contains a signiﬁcant non-prompt contribution from
b decays [6, 7, 8]. Owing to the long lifetime of the b compared to that of the QGP, this contri-
bution should not suﬀer from colour screening, but instead reﬂects the b quark energy loss in the
medium.
Experimentally, the suppression is quantiﬁed by the ratio of the yield measured in heavy-ion
collisions and a reference, which usually is the yield measured in pp collisions, the ‘vacuum-
like’ system where no QGP is formed. Such a ratio is called the nuclear modiﬁcation factor,
RAA.
At this conference CMS presented RAA measurements of prompt and non-prompt J/ψ [9], of
inclusive ψ′ [10], as well as of the three Υ states [11], produced in PbPb collisions at √sNN =
2.76, using an integrated luminosity of Lint = 150 μb−1. With a 20 fold increase in luminosity
compared to the 2010 PbPb run, the extended sample, combined with the CMS reconstruction
capabilities [12], allowed detailed RAA measurements, with ﬁne bins in event centrality and
dimuon rapidity and pT . Figure 1 shows the invariant-mass spectrum of μ+μ− pairs measured
in PbPb collisions in a subsample of the one used for analysis; in this subsample both muons of
the pair are required to have a transverse momentum of at least 4GeV/c. The spectrum spans
3 orders of magnitude in mass, from 0.2GeV/c2 to 200GeV/c2 and demonstrates the excellent
capabilities of the CMS detector to measure dimuons. Clearly reconstructed are the resonance
peaks of the charmonium and bottomonium families, the Z boson, and also the low mass vector
mesons φ and ω.
Using data from the pp run at the same center of mass energy, all RAA values are calculated
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Figure 2: Left: RAA as function of centrality for the prompt J/ψ. Right: RAA as function of centrality, for the forward
produced prompt J/ψ, 1.6 < |y| < 2.4, for two diﬀerent pT regions. The coloured boxes plotted at RAA = 1 indicate
the scale of the global uncertainties: the uncertainty of 6% on the measured integrated luminosity of the pp data sample,
together with the statistical and systematic uncertainty corresponding to each pp data set. In the right plot, the high pT
points are shifted horizontally by ΔNpart = 2 for better visibility. In both ﬁgures, the abscissa corresponds to the mean,
in a minbias distribution, of the expected number of participants Npart in the respective bin.
as
RAA =
Lpp
TAANMB
NPbPb
Npp
· εpp
εPbPb
, (1)
where NPbPb and Npp is the raw number of signal measured in the μ+μ− decay channel in
PbPb and pp respectively; NMB is the number of minimum-bias events in PbPb sampled by the
event selection and corrected for the minbias trigger eﬃciency (1.16×109); εpp and εPbPb are the
combined trigger and reconstruction eﬃciency in pp and PbPb respectively; TAA is the nuclear
overlap function, namely the number of elementary binary nucleon-nucleon (NN) collisions di-
vided by the elementary NN cross section; Lpp = (231 ± 14) nb−1 is the integrated luminosity of
the pp data set.
2. Closed heavy-ﬂavour
2.1. Charmonia
Directly-produced J/ψ as well as those from decays of higher charmonium states (e.g. ψ(2S)
and χc) are considered prompt as their decay length is unmeasurably small compared to those
from b decays and are not distinguished in this analysis. The prompt J/ψ RAA, integrated over the
rapidity range |y| < 2.4 and high-pT (6.5 < pT < 30GeV/c) has been measured in 12 centrality
bins, starting with the 0–5% bin (most central), up to the 60–100% bin (most peripheral). Fig-
ure 2 left shows a smooth decrease of suppression, with RAA remaining < 1 in the most peripheral
bin. The low-pT prompt J/ψ are consistent with the suppression of the high-pT prompt J/ψ over
most of the centrality bins, as shown in Figure 2 right, except in the most central bin, 0–10%,
where the suppression is smaller. This observation, made also by ALICE experiment [13], ﬁts
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Figure 3: Invariant-mass spectrum of μ+μ− pairs (black circles) in PbPb collisions with 0–20% centrality for the kine-
matic range 6.5 < pT < 30GeV/c and |y| < 1.6 (left) and 3.0 < pT < 30GeV/c and 1.6 < |y| < 2.4 (right). The ﬁts to the
data are shown as the black curves. The dashed blue curves show the ﬁtted background contributions.
into a scenario in which the lower-pT J/ψ, at the LHC energies undergo a statistical recombina-
tion, which translates into an increase of their yield compared to the high-pT prompt J/ψ.
CMS has also performed a measurement of the ψ(2S) in PbPb collisions. Clear ψ(2S) peaks
are observed and ﬁtted even in most central 0–20% PbPb collisions, as illustrated in Figure 3,
at both high-pT (pT > 6.5GeV/c, |y| < 1.6) and low-pT (3 < pT < 30GeV/c and 1.6 <
|y| < 2.4). The relative suppression of inclusive ψ(2S) mesons with respect to inclusive J/ψ has
been measured in form of a double ratio (Nψ(2S)/NJ/ψ)PbPb/(Nψ(2S)/NJ/ψ)pp [10] as a function of
centrality for the 2 mentioned kinematical regions. At low-pT , in the 20%most central collisions,
a double ratio of 5.32±1.03 (stat.)±0.79 (syst.)± 2.58 (pp) has been measured, which means that
more ψ(2S) are produced compared to J/ψ than in pp collisions, again with large uncertainties
mostly originating from the limited size of the pp sample. However, at high pT and midrapidity,
the double ratio is always less than unity, meaning that, in this kinematic range, ψ(2S) are more
suppressed than J/ψ.
2.2. Bottomonia
The RAA for Υ(1S) and Υ(2S) , measured in 7 ranges of centrality, are displayed in Figure 4.
The results indicate a signiﬁcant suppression of theΥ(nS) states in heavy-ion collisions compared
to pp collisions at the same per-nucleon-pair energy. The suppression of Υ(2S) is stronger than
that of Υ(1S) in all centrality ranges, including the most peripheral bin. It should be noted that
this bin (50–100%) is rather wide and mostly populated by more central events (closer to 50%).
Also, the observedΥ(nS) yields contain contributions from decays of heavier bottomonium states
and, thus, the measured suppression is aﬀected by the dissociation of these states. This feed-down
contribution to the Υ(1S) state was measured to be of the order of 50% [14, 15] at high-pT .
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Figure 4: Centrality dependence of RAA for Υ(1S) and Υ(2S) with 0 < pT GeV/c. For each bin, the centrality percentile
is speciﬁed; the abscissa corresponds to the mean, in a minbias distribution, of the expected number of participants
Npart in the respective bin. The uncertainties of 14% for Υ(1S) and 21% for Υ(2S), from Npart-independent quantities
(luminosity, pp yields and eﬃciency), are represented by the boxes at unity, and are not included in the data points.
3. Open heavy-beauty
The non-prompt J/ψ from b-hadron decays have been separated from prompt J/ψ utilizing
the reconstructed decay vertex of the μ+μ− pair. A double diﬀerential RAA is plotted in Figure 5
left, with a simultaneous splitting of the forward (1.6 < |y| < 2.4) non-prompt J/ψ in 6 centrality
bins (0–10%, 10–20%, 20–30% 30–40%, 40–50% and 50–100%) and 2 pT bins (low pT , 3 <
pT < 6.5GeV/c, and high pT , 6.5 < pT < 30GeV/c). An increase of the suppression is observed
with increasing centrality of the collision, with less suppression at lower-pT . On the right side
of Figure 5, the pT dependence of the centrality and rapidity integrated RAA of non-prompt J/ψ
is compared with the RAA of the 0–5% most centrally produced charged particles measured by
CMS up to 100GeV/c [16]. The plot illustrates a diﬀerent suppression pattern in the low-pT
region (pT < 10GeV/c) between the charged particles originating from the fragmentation of
light partons, and the non-prompt J/ψ stemming from b quarks. This is an unambiguous insight
into the energy loss dependence between light partons and b quarks. A note has to be made at
this point, namely that the RAA is plotted at the uncorrected mean pT of the inclusive dimuon
distribution in each particular bin. Since the non-prompt J/ψ is a second generation product of a
b-quark fragmentation, one would have to correct for the diﬀerence between the non-prompt J/ψ
pT and the parent B-meson pT . Just using the PYTHIA generator [17], this correction translates
into a shift to the right by at most 3GeV/c for the pT range considered.
4. Summary
The centrality-integrated (0–100%) RAA values for the individual Υ states as well as for the
high-pT prompt J/ψ and inclusive ψ(2S) states are
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Figure 5: Left: RAA versus Npart , for forward rapidity, 1.6 < |y| < 2.4, and two pT intervals, 3 < pT < 6.5GeV/c and
6.5 < pT < 30GeV/c. The coloured boxes plotted at RAA =1 indicate the scale of the global uncertainties: the uncertainty
of 6% on the measured integrated luminosity of the pp data sample, together with the statistical and systematic uncer-
tainty corresponding to each pp data set. The high-pT points are shifted horizontally by ΔNpart = 2 for better visibility.
Right: in open squares, the non-prompt J/ψ RAA for 0–100% event centrality, 6.5 < pT < 30GeV/c and |y| < 2.4; in
open circles, the RAA for charged particles measured in 0–5% centrality and |y| < 1. [16].
RAA(ψ(2S)) = 0.11 ± 0.03 (stat.) ± 0.02 (syst.),
RAA(J/ψ) = 0.34 ± 0.02 (stat.) ± 0.04 (syst.),
RAA(Υ(1S)) = 0.56 ± 0.08 (stat.) ± 0.07 (syst.),
RAA(Υ(2S)) = 0.12 ± 0.04 (stat.) ± 0.02 (syst.),
RAA(Υ(3S)) = 0.03 ± 0.04 (stat.) ± 0.01 (syst.) or < 0.10 at 95% CL.
They are plotted in Figure 6, as a function of the binding energy, where the binding energy is
calculated as: ΔE = 2MD/B−Mcc/bb. An ordering of the RAA/suppression is clear, and represents,
qualitatively, a conﬁrmation of the sequential melting scenario for the quarkonia states. For
quantitative statements, further studies have to be made, in which the eﬀect of the pT cuts and
of the feed-down contributions has to be evaluated, as well as the cold-nuclear matter eﬀects.
More detailed measurements are currently limited by the size of the pp reference dataset at
√
s
= 2.76 TeV. This is especially the case for the measurement of the possible ψ(2S) enhancement
in the kinematic range 3 < pT < 30GeV/c and 1.6 < |y| < 2.4, which is opposite to the expected
behavior in the sequential melting picture.
For open heavy-ﬂavour, the most important result that the 2011 PbPb run helped achieve is
the heavy-ﬂavour separation measurement. This was done with high precision and in ﬁne bins
by CMS, which measured the remnants of the b-quark fragmentation (via non-promt J/ψ), and
by ALICE [18], which measured those from the c-quark fragmentation (via D mesons). The
two results combined in Figure 7 show, for the most central PbPb collisions, less suppression
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Figure 7: RAA versus Npart for high-pT inclusive D mesons measured by ALICE [18] and non-prompt J/ψ from the
decay of B mesons, measured by CMS.
(smaller energy loss) for b quarks compared to c quarks. This is the experimental conﬁrmation
of the longstanding theoretical expectation for an ordering of the energy loss, with beauty being
less suppressed than charm. One has to be careful though, before making the ﬁnal quantitative
statement, to take into account eventual diﬀerent 〈pT 〉 values at least, so that the comparison is
made for the exact same kinematical region for the heavy mesons.
In conclusion, CMS presented novel measurements in two fundamental channels for the study
C. Mironov / Nuclear Physics A 904–905 (2013) 194c–201c200c
of the high density QCD medium created in central heavy-ion collisions: quarkonia produc-
tion/suppression and b-quark energy loss, via non-prompt J/ψ from b-hadron decays, measured
over a large kinematic range. All these results open a whole range of new avenues to be pursued
in the future, in the upcoming pPb run as well as in the higher-energy and higher-luminosities
future PbPb runs.
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